This study presents a climatological analysis of the frequency and characteristics of lake-effect precipitation events that were initiated or enhanced by lakes within the New York State (NYS) Finger Lakes region for the 11 winters (October-March) from 1995/96 through 2005/06. Weather Surveillance Radar-1988 Doppler (WSR-88D) data from Binghamton, New York, were used to identify 125 lake-effect events. Events occurred as 1) a well-defined, isolated precipitation band over and downwind of a lake, 2) an enhancement of mesoscale lake-effect precipitation originating from Lake Ontario and extending southward over an individual Finger Lake, 3) a quasi-stationary mesoscale precipitation band positioned over a lake embedded within extensive regional precipitation from a synoptic weather system, or 4) a transition from one type to another. Results show that lake-effect precipitation routinely develops over lakes that are considerably smaller than lakes previously discussed as being associated with lake-effect precipitation, such as the Great Lakes. Lake-effect events occurred during each month (October-March) across the 11 winters studied and were identified in association with each of the six easternmost Finger Lakes examined in this study. The frequency of NYS Finger Lakes lake-effect events determined in the current investigation paired with subsequent analyses of the environmental conditions leading to these events will allow for 1) comparative analyses of necessary conditions for lake-effect development across a range of lake sizes (e.g., NYS Finger Lakes, Lake Champlain, Great Salt Lake, and Great Lakes) and 2) an informative examination of the connection between mesoscale processes and climate variability.
Introduction
The current understanding of lake-effect (LE) winter storms and the conditions that lead to their development has been largely shaped from the study of large lakes (e.g., Great Lakes). Investigations of LE storms over midsized lakes, such as the Great Salt Lake (Steenburgh et al. 2000; Steenburgh and Onton 2001) , have resulted in an increased understanding of LE processes across variations in lake sizes. Although there are a large number of small lakes (having surface area # 1500 km 2 ) located at midlatitudes, it is only recently that their role in the development of LE precipitation has been examined. Cairns et al. (2001) and others (S. J. Underwood, Nevada State Climatologist, 2007, personal communication) have investigated LE events over Lake Tahoe in Nevada. Schultz et al. (2004) presented an event highlighting LE snowbands downstream of several small lakes in Oklahoma, Missouri, Arkansas, and Kentucky. Observational studies of LE snow events from Lake Champlain in northern Vermont and New York have also been conducted (Tardy 2000; Payer et al. 2007; Laird et al. 2009 ). Cosgrove et al. (1996) and Watson et al. (1998) used numerical simulations of events in the New York State (NYS) Finger Lakes region to investigate the potential of these small lakes to produce LE snowfall, as well as enhance LE precipitation originating from Lake Ontario.
The spatial and temporal scales of these LE storms are typically smaller than those that develop over larger lakes (e.g., Payer et al. 2007 ). Laird et al. (2003) used idealized model simulations to show that the boundary layer and subsequent convective responses to similar surface heat fluxes over lakes of varying size were greater for larger lakes. Despite the lesser atmospheric responses to small lakes, LE events associated with them have produced substantial snowfalls, such as 53 cm in Carson City, Nevada, from a 2-day Lake Tahoe event (Cairns et al. 2001 ) and 33 cm near Burlington, Vermont, during a 12-h Lake Champlain event (Tardy 2000) .
Few studies have conducted LE climatological analyses for lakes smaller than the Great Lakes or for time periods . 5 yr. Carpenter (1993) and Steenburgh et al. (2000) studied the frequency and characteristics of LE snowstorms of the Great Salt Lake. More recently, Laird et al. (2009) conducted a climatological study of LE precipitation events associated with Lake Champlain for a nine-wintertime period.
The current investigation presents the duration, timing, and frequency of LE events that originated over or were enhanced by the NYS Finger Lakes during an 11-winter period. A subsequent article will provide a detailed climatological investigation of the environmental and atmospheric conditions leading to NYS Finger Lakes LE events. The Finger Lakes region within central NYS includes 11 lakes of varying sizes and orientations (Fig. 1) . The largest two lakes, Seneca and Cayuga, have lengths of nearly 61 and 64 km, respectively, with widths of , 5 km. The six easternmost Finger Lakes, those focused on for this investigation, range in surface area from 7.6 (Otisco Lake) to 175 (Seneca Lake) km 2 . These lakes are considerably smaller than Lake Ontario (18 960 km 2 ), the smallest of the Great Lakes, the Great Salt Lake (4400 km 2 ), and Lake Champlain (1127 km 2 ). The elevation of the topography increases from the northern to southern portion of the glacially produced Finger Lakes (Fig. 1) . The range in size and characteristics (shape, orientation, and regional topographic variability) of the NYS Finger Lakes provides an exceptional setting for investigating the occurrence of LE precipitation and mesoscale processes that develop in association with small lakes. In addition, the NYS Finger Lakes are approximately 50 km south of Lake Ontario. This arrangement of an upstream lake, intervening landmass, and downstream lake also allows for the examination of lake-to-lake mesoscale and boundary layer interactions, a topic recently examined for the Great Lakes by Rodriguez et al. (2007) .
The data and methods used in the study, including the criteria for identifying several types of NYS Finger Lakes LE events, are described in section 2. Section 3 presents the results of the climatological analyses, and a concluding discussion is provided in section 4.
Data and methods

a. Radar data
Binghamton, New York, (KBGM) Weather Surveillance Radar-1988 Doppler (WSR-88D) data were used to identify LE events for the 11 winters (OctoberMarch) from 1995/96 through 2005/06. The first winter analyzed (1995/96) corresponds to the time period during which WSR-88D radar data began being archived for KBGM. Level-II data were used for identification of lake-effect events and were obtained through the National Climatic Data Center Hierarchical Data Storage System. Level-III image products were examined, when available, for time periods for which level-II data were not archived. During the process of identifying Finger Lakes LE events, over 400 000 radar volumes (i.e., reflectivity data for multiple elevation scans) were displayed and examined with the GRLevel2 and GRLevel3 programs produced by Gibson Ridge Software, LLC. Days with a time period of unavailable radar data that exceeded the average duration of a Finger Lakes LE event (9.4 h) were noted and were considered in the determination of the monthly and annual event frequencies. Using this criterion, nearly 10% (197) of the total of 1994 days composing the 11-winter period had radar data unavailable.
Because of the shallow vertical extent of LE precipitation within the Finger Lakes region, only lakes within adequate range from KBGM (i.e., a range of about 110 km, corresponding to an approximate height of #960 m for the 0.58 elevation scan) were included in the study. This region, shown in Fig. 1 , encompassed the six easternmost Finger Lakes (from west to east: Keuka, Seneca, Cayuga, Owasco, Skaneateles, and Otisco).
b. Identification of lake-effect events
Assessment of the radar data resulted in the identification of 125 events for which one or more of the NYS Finger Lakes experienced LE precipitation. Several indicators, similar to those applied by Laird et al. (2009) for Lake Champlain LE events, were used to establish a justified and repeatable method for identification of Finger Lakes LE precipitation based solely on the radar data. The exclusive use of radar data to identify events was intended to minimize possible predisposition regarding favorable mesoscale and synoptic conditions necessary for Finger Lakes LE development. The indicators were developed based on multiple passes through the radar data for the 11 winters and knowledge gained from previous studies of LE precipitation that incorporated considerable radar analyses (e.g., Kristovich et al. 1999; Steenburgh et al. 2000; Tardy 2000; Laird et al. 2009 ). In addition, animation of the radar reflectivity was found to be essential in developing and applying the method for LE event identification. Three indicators were used for this study:
1) The first is the existence of coherent precipitation in the reflectivity field that developed or was enhanced over an individual lake and remained quasi stationary with a distinct spatial connection to the lake. The 
consistent temporal and spatial character of the mesoscale precipitation field in the vicinity of a single lake, as demonstrated in animations of the radar reflectivity field, was the most important aspect of this indicator. The radar reflectivity on 7 March 1999 provides an example of LE precipitation having both overlake and quasi-stationary features associated with Seneca and Cayuga Lakes for a time period of greater than 7 h (Fig. 2) . 2) The second indicator is that the precipitation was composed of mesoscale structural features that were clearly distinguishable from extensive or transitory regions of precipitation and were generally below a height of 2 km. The precipitation typically consisted of mesoscale bands with an orientation at a small angle relative to the major axis of the lake; however, the band orientation was not a limiting factor when considering a designation as LE precipitation. The radar reflectivity on 7 March 1999 ( Fig. 2 ) provides an example of LE precipitation occurring during a time period with variable widespread synoptic precipitation and mesoscale precipitation bands in the Finger Lakes region that are not associated with individual Finger Lakes (e.g., Fig. 2f shows mesoscale bands south of Keuka Lake and between Owasco and Cayuga Lakes). 3) Another indicator is that the precipitation often demonstrated increasing reflectivity, depth, or spatial coverage at locations along the downwind extent of the mesoscale band (Fig. 2) . Mesoscale precipitation bands that did not have a region within a downwind distance of 10 km from an individual Finger Lake were not designated as LE precipitation. These were suspected to be topographically forced precipitation events rather than thermally driven LE events.
The timing of initiation and dissipation of each LE event was determined, as well as the overlake and inland regions impacted by precipitation; however, the timing of LE precipitation associated with each of the individual Finger Lakes was not recorded. Rather, the timing and duration of the event as a whole were determined along with a record of the Finger Lakes that had associated LE precipitation during concurrent or separate times within an event.
Events that were identified during the 11 winters often had similar structural characteristics in the evolution of the LE precipitation. Finger Lakes events were found to occur as 1) a well-defined, isolated LE precipitation band over and downwind of a lake (denoted as FL events; see Fig. 3a ), 2) an enhancement of mesoscale LE precipitation originating from Lake Ontario and extending southward over an individual Finger Lake (designated as LOenh events; see Fig. 3b ), 3) a quasi-stationary mesoscale precipitation band positioned over a lake embedded within extensive regional precipitation from a synoptic weather system (designated as SYNOP events; see Fig. 3c ), or 4) a transition from one type to another (e.g., SYNOP to FL, LOenh to FL, or SYNOP to LOenh).
Past LE studies have developed classifications of LE events for the Great Lakes (e.g., Niziol et al. 1995) based on synoptic and mesoscale conditions and for smaller lakes (e.g., Steenburgh et al. 2000; Laird et al. 2009 ) based on the distribution of radar echoes over and downstream of a lake. Parallels can be drawn between the classifications developed by Niziol et al. (1995) for the Great Lakes and the structural characteristics of LE precipitation events associated with the Finger Lakes. For example, FL events are similar in appearance to type-I bands defined by Niziol et al. (1995) as long, narrow snowbands that form parallel to the wind direction when the winds are aligned with the maximum fetch. In a similar way, LOenh events are comparable to a combination of type-II and type-III bands originating over Lake Ontario, where Niziol et al. (1995) defined type-II bands as wind-parallel bands that form when wind directions are across a short lake fetch and type-III bands as developing over an upwind lake and extending across an intervening landmass to a lake farther downwind. Type-III bands are similar to lake-to-lake bands examined in more detail for the Great Lakes region by Rodriguez et al. (2007) .
The LE events most frequently contained mesoscale precipitation bands within the radar reflectivity field that developed over and downstream of individual lakes (Figs. 2, 3) ; however, three events designated as LE precipitation exhibited a broader region of reflectivity that was not organized as a coherent, narrow band but was associated with an individual lake. During most LOenh events, horizontal-roll convective bands existed downstream of Lake Ontario extending into the Finger Lakes region and individual bands subsequently showed enhancement in the reflectivity field after becoming anchored to or moving over a single Finger Lake (Fig. 3b) .
Results
A total of 125 LE events were identified using KBGM radar data for the winters from 1995/96 through 2005/06. The LE event types consisted of 36 FL, 57 LOenh, 15 SYNOP, and 17 transitional cases. The results presented in this section provide information on the duration, timing, and frequency of LE events that originated over or were enhanced by the NYS Finger Lakes. The appendix 
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provides a table with information for each identified event.
a. Event duration
The mean (median) duration of Finger Lakes LE events was found to be 9.4 (7.4) h, with great skewness toward shorter durations (skewness 5 1.3). Nearly 75% of all events had durations of ,13.3 h, and only 11 events continued for more than 20 h (Fig. 4a and the  appendix) . The longest event in the 11-yr period, a transitional event from SYNOP to FL, lasted 36.9 h (26-27 January 2000). The shortest, an FL event, lasted only 1.2 h (7 November 2005). The durations for Finger Lakes LE events are considerably shorter than intense Great Lakes LE events, which commonly last multiple days. These events are also shorter than Great Salt Lake LE events, which have typical durations of .13 h (Steenburgh et al. 2000) , and Lake Champlain LE events, with a mean duration of 12.1 h (Laird et al. 2009 ).
Event types of SYNOP, LOenh, and FL have a notable skewness toward shorter durations (Fig. 5) . SYNOP 
b. Event timing
The timing of LE events on the Finger Lakes reveals a robust linkage to diurnal atmospheric variations. The initiation of events occurred at all times of day; however, a higher frequency of events began during the overnight and morning time period (Fig. 4b) . Nearly 75% of all events began between 0000 and 1400 UTC, and roughly 10% began between 1800 and 0000 UTC. Although minimum air temperatures and thus maximum lake-air temperature differences will usually occur just prior to sunrise, the broadening of the frequency maximum shown in Fig. 4b may be associated with variations in frontal or trough passages. The distribution of cold-frontal and trough passages that occurred during the time surrounding event initiation (6 h prior to through 3 h following) is shown in Fig. 6 . Regardless of hour, a wintertime cold-frontal passage can provide the primary forcing conditions for LE events: namely, the introduction of a polar air mass into the Finger Lakes region. A frontal or trough passage occurred in association with 17% of all events. Figure 6 shows a relatively uniform temporal distribution of cold-frontal passages associated with events, whereas trough passages more frequently occurred between 0000 and 0300 UTC. Although frontal and trough passages are not the only mechanism responsible for event initiation, this result does provide support for a broadening in the start-time distribution (Fig. 4b) . Although some variation in start time existed among the different LE event types (not shown), a series of nonparametric two-independentsamples tests (Mann-Whitney U test) showed that differences were not statistically significant using a critical Z value of 1.96 (significance p # 0.05).
A maximum is apparent in the frequency distribution of event dissipation times, with 25% of all events ending between 1600 and 2000 UTC (Fig. 4c) . Distributions for all event types exhibited skewness toward the latemorning and early-afternoon hours. Some variations existed in the timing of dissipation among event types (FL, LOenh, and SYNOP); however, the differences were not statistically significant. The timing of the frequency maximum and minimum suggest that solar heating at the surface played an important role in the dissipation of LE events. The LE precipitation bands present in the radar reflectivity field during events often became fragmented into a widespread region of cellular convective elements before dissipating completely. This result is consistent with the findings of Kristovich and Spinar (2005) , which showed a minimum in LE precipitation associated with the Great Lakes during the afternoon. Kristovich and Spinar (2005) suggested that surface sensible and latent heat fluxes (afternoon minimum and maximum, respectively) played a larger role in the diurnal evolution of lake-effect precipitation than did other factors such as temporal variations in upwind stability.
c. Event frequency
A substantial amount of intraseasonal and interannual variability existed in the frequency of LE events during the 11 winters considered in this study. December and January were the most active months, having 32 and 30 events (roughly 3.0 events per year), respectively (Fig. 7) . February had the second largest frequency, with an average of nearly 2.0 events per year (i.e., 21 events). October, November, and March had noticeably fewer total events with 11, 17, and 14, respectively, averaging between 1.0 and 1.5 events per year.
There is considerable variation of monthly event frequency among the different LE event types (Fig. 7) . LOenh events made up nearly 56% of the events and represent a large percentage of the events that occurred during each month, with a range from 27% (January) to 83% (October). A maximum frequency of approximately 1.5 LOenh events per year existed in December, with a relatively uniform frequency across all other winter months. The FL events generally represented a smaller portion of the monthly frequency than LOenh events except for January and February. The FL events had a maximum in January of about 1.0 event per year and only a slight decrease in the number of events for February (10 FL events). SYNOP events had a similar distribution to LOenh events with a maximum in December; however, the number of SYNOP events was significantly smaller, ranging from 1 to 6 events per year (i.e., roughly 0.1-0.5 SYNOP events per month). Transitional LE events were not frequently observed, although 9 of the 17 events occurred in January. The annual number of LE events varied considerably (Fig. 8) . The most and least active winters were 2005/06 (19 events) and 2001/02 (3 events), respectively. The largest number of events each winter occurred in December and January (Fig. 7) ; however, four winters had at least one event in every month (1999/2000, 2003/04, 2004/05, and 2005/06) . The 2005/06 winter had the largest number of LOenh events (14), suggesting that environmental conditions were favorable for establishing a frequent connection between Lake Ontario lakeeffect events and subsequent enhancement in the Finger Lakes region. Conversely, this was not the case during the winter of 2004/05, during which conditions may have been more favorable for FL events (8), with only 6 LOenh events. Investigation of the environmental conditions associated with the different types of events is ongoing and will be presented in a subsequent article.
LE precipitation events occurred in association with each of the six easternmost Finger Lakes. Cayuga and Seneca, the two largest NYS Finger Lakes, had the highest frequency of events. Lake-effect precipitation bands associated with Seneca and Cayuga Lakes occurred during 82% and 96% of the 125 identified events, respectively. Events associated with Seneca and Cayuga Lakes were most frequent during December, January, and February (Fig. 9) . These two lakes have larger north-south fetch distances and depths relative to the other Finger Lakes. For example, Seneca Lake has an average (maximum) depth of 89 m (188 m) and Cayuga Lake has an average (maximum) depth of 55 m (133 m). These depths are greater than those of Lake Erie (average of 19 m; maximum of 64 m) and comparable to those of Lake Huron (average of 59 m; maximum of 229 m) and Lake Ontario (average of 86 m; maximum of 244 m). Although considerably smaller than the Great Lakes in volume, the reservoir of seasonal thermal energy available in Seneca and Cayuga Lakes facilitates warmer winter water temperatures and generally ice free conditions that provide favorable conditions for the development of LE precipitation. The combination of larger fetch and open lake waters for Seneca and Cayuga Lakes allows for more frequent LE precipitation development associated with these two lakes throughout the entire winter (Fig. 9) .
Despite its smaller size (surface area of 35 km 2 ), Skaneateles Lake maintains a relatively large event frequency (64% of all LE events), in particular in December (Fig. 9) . The smallest three lakes (Owasco, 
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Keuka, and Otisco) had LE precipitation associated with them during 50%, 22%, and 30% of events, respectively. Although Keuka Lake has a relatively large lake axis, its northeast-southwest orientation differs from the primarily northwest-southeast orientation of the other eastern Finger Lakes likely acting to limit LE development over Keuka Lake. It is notable that Fig. 9 shows that LE precipitation developed or was enhanced by the Finger Lakes within all months studied (OctoberMarch), including February and March, which are typically during the time period following the establishment of extensive ice cover on the smaller lakes.
Summary and discussion
This study investigated the frequency and characteristics of LE events that originated over or were enhanced by the Finger Lakes in New York State (Fig. 1) . National Weather Service (NWS) WSR-88D radar data were used to identify 125 events that occurred during an 11-wintertime period (from 1995/96 through 2005/06). Events often had similar structural characteristics in the evolution of the LE precipitation (Fig. 3) , each occurring as 1) a well-defined, isolated LE precipitation band over and downwind of a lake (see Fig. 3a) , 2) an enhancement of mesoscale LE precipitation originating from Lake Ontario and extending southward over an individual Finger Lake (see Fig. 3b ), 3) a quasi-stationary mesoscale precipitation band positioned over a lake embedded within extensive regional precipitation from a synoptic weather system (see Fig. 3c ), or 4) a transition from one type to another.
Although LE events in the Finger Lakes region do not produce the considerable snowfalls associated with those of larger lakes, the snowfall does have an impact on localized areas in the Finger Lakes (typically downwind or south of individual lakes), such as Ithaca, New York (see Fig. 1 ). The typical snowfall amounts resulting from these LE events are within the range of 3-8 in.
(1 in. ' 2.54 cm) (Binghamton NWS Forecast Office 2006, personal communications); however, the snowfall rates can be significant within some LE snowbands given that the average duration of an LE event in the Finger Lakes region is short (9.4 h). These events can often result in both weather advisories (snowfall . 4 in.) and warnings (snowfall . 7 in.) within the NWS Binghamton county warning area.
December had the largest frequency of LE events, with an average of 3.0 per year. Early-season (October) and late-season (March) LE events were less frequent (approximately 1.0 per year). LOenh events were the most common LE event type and had a maximum frequency in December. The FL events had a maximum frequency of about 1.0 event per year in January and were less frequent than LOenh events, except in January and February. Cayuga and Seneca Lakes, the two largest Finger Lakes, had the greatest event frequencies on average during a winter and for each LE event type. In general, Cayuga and Seneca Lakes have greater depths, larger volumes of water, larger warm-season stratification that causes later timing of autumn water column mixing, and a lack of extensive ice cover. Each of these attributes provides lake conditions that are conducive to having LE events occur throughout the entire winter (Fig. 9) .
A noteworthy finding from this study is that LE precipitation routinely develops over lakes that are considerably smaller than lakes typically associated with LE precipitation events (e.g., the Great Lakes or Great Salt Lake). Previous studies have noted the occurrence of LE cloud and precipitation bands over small lakes (e.g., Cosgrove et al. 1996; Watson et al. 1998; Cairns et al. 2001; Schultz et al. 2004; Payer et al. 2007 ); however, each of these studies has presented individual cases. The multiwinter (from 1997/98 through 2005/06) climatological study of Lake Champlain LE precipitation by Laird et al. (2009) is the only other investigation to describe the routine occurrence of LE events associated with small lakes. Otisco Lake, the smallest of the Finger Lakes studied, and Seneca Lake, the largest, were found to routinely support the development or enhancement of LE precipitation although their surface areas are smaller than that of Lake Champlain by factors of nearly 148 and 6, respectively. This study shows that the occurrence of LE events in the Finger Lakes, regardless of which lake of those examined, is more frequent than it is for those that develop in association with Lake Champlain during four of the six months included in each investigation (i.e., October, November, February, and March). Seneca, Cayuga, and Skaneateles Lakes have LE frequencies (2.0-2.8 per year) that are nearly equivalent to or larger than that reported for Lake Champlain (1.9 per year) during December; however, the January frequency of Lake Champlain LE events (3.9 per year) is greater than that for any individual Finger Lake (Fig. 9) .
Although not as great an elevation change as the Lake Champlain Valley region, the Finger Lakes have steeper slopes along the southern portions of the glacially produced lakes, especially Seneca and Cayuga Lakes. In both regions (Lake Champlain and Finger Lakes), the higher-elevation topography oriented parallel to the shorelines may contribute to the development of lower-tropospheric overlake convergence and precipitation bands during lake-effect events; however, we suspect that contributions from either nocturnal valley convergence or topographically forced channeling may be small relative to the thermally driven circulation. The relative influence of topographic contributions to overlake convergence and precipitation band development during these small-lake lake-effect events is very difficult to determine from existing observational datasets and would require a specialized field project or a series of mesoscale model simulations.
Considerable interannual variation in the frequency of LE events existed in the Finger Lakes region during the 11-winter period. As few as three events occurred during the winter of 2001/02 and as many as 19 events occurred during the winter of 2005/06. The variations in LE type, intraseasonal, and interannual frequencies for LE events suggest that the environmental forcing for these events across different time periods and under different synoptic and mesoscale regimes may have considerable variability. The results presented in the current study will allow for subsequent comparative analyses of necessary conditions for the development of Finger Lakes events and for those found for lakes across a range of sizes (e.g., Lake Champlain, Great Salt Lake, and Great Lakes). Last, the results presented in the current study will also allow for an informative examination of the connection between mesoscale processes and climate variability.
APPENDIX
Finger Lakes Lake-Effect Events Table A1 lists the timing and type characteristics of the 125 lake-effect events that were identified and examined in this study. 
